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A B ST R A C T
The reflection high-energy electron diffraction (RHEED) specular spot intensity 
oscillations that were obtained during low-tem perature regime and surfactant me­
diated regime of molecular beam epitaxial (MBE) growth of GaAs  is studied and 
explained using modified stochastic m odel and a rate  equation model, respectively.
The dynamics of the physisorbed As layer were introduced into the stochastic 
model by including the therm ally activated processes of chemisorption into and evap­
oration out of the As physisorbed sta te . The experimental RHEED responses for 
various growth conditions were m atched by taking into account the build-up of a ph­
ysisorbed As layer and its effect on the  specular spot RHEED intensity. Model results 
indicate tha t for a typical low tem perature (200°C) growth of (jûA s, the steady-state 
coverage of physisorbed As ranged from 0.72 a t a V /H I flux ratio of 2:1 to  0.24 
at a flux ratio of 1 :1 . Increased scattering of the RHEED beam due to the  higher 
physisorbed As coverage at 2:1 leads to a factor of 5 decrease in the steady-state 
am plitude of the RHEED oscillations compared to the 1  : 1  case. These results are 
in excellent agreement with the experim ental results. The RHEED intensity oscil­
lates under these conditions due to layer-by-layer growth and a periodic oscillation 
in the coverage of physisorbed As, even though the surface m igration rates are small. 
A factor in maintaining this growth mode is tha t arsenic stays in the physisorbed 
sta te  with lifetimes in the range of 1 0 ~^ to 1 0 ~“ seconds and incorporates only when
lii
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an appropriate configuration of Ga atom s forms on the surface. The tem perature 
dependence of the evaporation and chemisorption tim e constants of physisorbed As 
yield activation energies of 0.24 eV and 0.39 eV, respectively, which are in excellent 
agreement with the experimental data.
Beating in the reflection high energy electron diffraction (RHEED) intensity oscil­
lations were observed during molecular beam  epitaxial (MBE) growth of G aA s  with 
S n  as a. surfactant. The strength of beating is found to be dependent on the Sn  
submonolayer coverage with strong beating observed for 0.4 monolayer coverage. For 
a  fixed tem perature and flux ratio {Ga to  As), the period of oscillation decreases with 
increasing Sn  coverage. A ra te  equation model of growth was developed to explain 
this phenomenon by assuming th a t the  G aAs  covered by the S n  grows a t a  faster 
rate  compared to the GaAs  not covered by Sn .  Assuming th a t the electron beams 
reflected from the Sn  covered surface and the rest of the surface are incoherent, the 
results of the dependence of the RHEED oscillations on Sn  submonolayer coverages 
for various Sn  coverages were obtained and compared with experimental d a ta  and 
the qualitative agreement is very good.
IV
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Chapter 1
Introduction
Molecular beam epitaxy (MBE) is a growth technique where molecular or atomic beams 
are thermally evaporated onto a heated substrate in a ultra-high vacuum chamber ( 1 0 "® 
torr)[l]. Using MBE, heterostructures consisting of dissimilar materials have been grown 
to fabricate microstructures such as superlattices and quantum wells which have found a 
variety of novel applications in the device and optoelectronic areas. It is of great importance 
to understand the growth kinetics to have precise control over the growth and to achieve 
device quality. One of the techniques used to monitor the growth in situ., is reflection 
high-energy electron diffraction (RHEED) [2]. MBE GaAs is usually grown at a  substrate 
temperature of about 600°C. But, GaAs grown at lower substrate temperatures as low 
as 200°C which are nonstoichiometric of high crystallinity have been found to be ‘"semi- 
insulating” [3] which is a technologically important discovery, as semi-insulating substrates 
are the basis of devices.
In the past few years many experimental studies were performed on the application of 
semi-insulating nature of GaAs to the devices [3, 4, 5, 6 , 7, 8 ], but not much research is
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2performed in understanding the kinetics of incorporation of excess As which imparts the 
semi-insulating electric characteristic to it. The theoretical issues regarding the growth 
mechanisms and their relation to the growth parameters such as temperature and flux are 
addressed. A modified version of the stochastic model [9, 10] is used for the theoretical 
study of the growth. The modification was the inclusion of the presence and dynamics of 
the physisorbed As at low growth temperatures. The reason for the choice of the stochastic 
model is that it is not size limited unlike the Monte Carlo and Molecular dynamics simulation 
models, which are traditionally used for such studies.
The presence of impurities on the surface, known as surfactants, kinetically alters the 
kinetics of the growing system [11], thereby enhancing the growth rate. For a surfactant to 
function efiectively, ( 1 ) it must be mobile enough to avoid incorporation into the epilayer 
lattice at a given growth rate, and (2) it must segregate to the surface [1 2 ]. Surfactants are 
experimentally found to segregate on to the surface of the growing crystal, therefore, any 
atom impinging on the surface undergoes a direct exchange with the surfactant and gets 
incorporated beneath the surfactant. Surfactants also help restrict the formation of islands 
which are detrimental to the surface and interfacial smoothness. In the growth of GaAs, Sn, 
which is an amphoteric (behaves both as donor and acceptor) dopant is known to ride the 
surface due to much larger atomic radius of Sn  (1.42A°) compared to that of Ga (1.22A°) 
and As (1.18A°). Beating was observed in the specular spot intensity oscillations of the 
RHEED beam when submonolayer concentrations of 5n  was J-doped on the surface of MBE 
GaAs [31]. The beating appears to be a result of two areas of the surface, one covered by 
Sn  and the other not so, growing at different rates. In this thesis, the MBE growth of 
Sn  mediated GaAs is studied using a rate equation model. The dependence of growth on
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parameters like temperature and Sn  concentration is also studied.
1.1 Organization o f the Thesis
A brief literature survey is presented in chapter 2. The details of the stochastic model 
employed to simulate the low temperature growth of GaAs and results are presented in 
chapter 3. The details of the rate equation model employed to simulate Sn  mediated 
growth of GaAs and the results obtained with the model are presented in chapter 4. Finally, 
conclusions and suggestions are presented in chapter 5.
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Chapter 2
Literature Overview
With the advent of MBE, the control over the growth of semiconductor devices has reached 
the level of atomic dimensions. The majority of research activity is directed towards the 
growth of III-V compound semiconductor films, notably GaAs. Several theoretical models 
were developed to understand the growth phenomena under various growth conditions. In 
this chapter, the experimental and theoretical studies on GaAs MBE, relevant to this thesis, 
are summarized.
2.1 M olecular Beam  Epitaxy
MBE is a crystal growth process in which thermally evaporated beams of atoms or molecules 
are directed towards a heated substrate in a ultra high vacuum chamber (about 1 0 “® torr). 
The phases of an MBE growth system can be divided into three different parts [12].
1 . The crystalline solid phase of the substrate, which is the already grown epilayer.
2. The gaseous phase of the flux which is directed towards the substrate that constitutes 
of non-colliding atoms.
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3. The most important is the transitional phase, where the gaseous phase gets converted 
into the solid phase. In this phase all the processes leading to epitaxy like surface 
adsorption, evaporation and migration kinetics occur.
Three different modes of epitaxial growth can be distinguished in MBE. In the layer- 
by-layer mode (also called Frank-van der Merwe mode) firstly the atoms which condense, 
form a complete monolayer on the substrate surface, and further gets covered by a less 
tightly bound second layer. The island mode (Volmer-Weber mode) is quite opposite to 
the previous mode, in which small clusters are nucleated directly on the substrate surface 
and then grow into islands. This growth mode occurs when the atoms or molecules of the 
deposit are strongly bound to each other than to the substrate. On contrary to the 2 — D 
character of the layer-by-layer mode, the growth in this mode is a 3 — Z? process. The layer- 
plus-island mode (Stranski-Krastanov mode) is an intermediate case where the islands are 
formed on a few monolayers of layer growth [33].
The advantage of MBE systems in contrast to other systems like Metalorganic Chemical 
Vapor Deposition (MOCVD) is
• Elemental source
• Precise control of fluxes
• Precise thickness control (to a few A) due to low growth rate
• Heterostructures and metastable structures possible
• Quantum wires, dots and other unique structures with unique physical properties and 
possible applications
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2.2 In situ M BE growth m onitoring by RHEED
A variety of in situ analytical tools such as reflection high-energy electron diffraction 
(RHEED). Auger spectroscopy (AS), scanning tunneling microscopy (STM) and substrate 
temperature monitors facilitate the continuous monitoring of the entire growth process.
One of the earliest tools to study the dynamics of in situ film growth was RHEED. 
The oscillations in the specular beam of the RHEED occurs primarily due to the changing 
surface topography associated with a layer-by-layer growth mode. Initially when the surface 
is smooth, it gives rise to a high specular intensity. When the growth commences, nucléation 
occurs and 2 — D nulceation centers are formed leading to a decrease in the specular intensity 
due to destructive interference of the reflected electron beam from the rough surfaces. As the 
epilayer grows, the roughening and smoothening of the layer alternates yielding oscillatory 
RHEED specular beam intensity. This is indicative of significant surface migration of atoms 
to result in smooth surface [14]. If the migration is limited, the surface will be rougher which 
results in decreased amplitude of RHEED intensity oscillations.
Van Hove et al [15] showed that the oscillations in both the intensity and width depends 
upon the growth parameters. The envelope of the intensity oscillations was shown to be 
dependent on a variety of parameters such as flux ratio, substrate temperature, sample 
misorientation, the sample flatness and the flux uniformity.
Neave et al [16] showed that the surface diffusion measurements can be performed using 
RHEED oscillations. Their method involved the use of a vicinal surface (a vicinal surface 
is a surface which is misoriented slightly from the exact low index orientation like (0 0 1 ) ) 
as a substrate. When growth is initiated on a vicinal surface, the surface breaks up into 
monoatomic steps with precise low index terraces and edges. They performed the RHEED
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
measurements for v'arious substrate temperatures and flux ratios and observed that for high 
temperatures, the amplitude of oscillations was small whereas for lower temperatures the 
oscillations were pronounced. From this observation, they concluded that when the tem­
perature is high, the adatoms are migrating a longer distance and hence while crossing the 
terrace steps are getting incorporated at the kink sites. Therefore, there were no oscillations 
for higher temperatures due to no net change in the surface roughness. Whereas at lower 
temperatures, the energy for migration of the adatoms is just enough for them to migrate 
less than the terrace width and therefore, facilitates 2 — D nucléation process on the steps 
which results in periodic roughening and smoothening thereby giving rise to oscillations 
in the RHEED intensity. They concluded that the surface diffusion length increases with 
increasing temperature, decreases with increasing flux of Ga, and is shorter for Ga with Asj 
than As4  if equal numbers of arriving atoms are compared. Kim et al [17] showed that As2 
is suited better for growth of GaAs over AS4 , confirming Neave et al’s [16] observations.
2.3 Low tem perature growth o f GaAs
Murotani et al [3] found that LT MBE GaAs was semi-insulating with a  resistivity value 
of about 3xl0‘‘fi cm. They also made a power metal-semiconductor field effect transistor 
(MESFET) with it. Melloch et al [18] showed that high electron mobility transistors could be 
grown on top of GaAs buffer layers grown at extremely low substrate temperatures (250°C) 
and that such buffer layers might have beneficial effect of slowing diffusion of impurities 
from the substrate toward the active layers. Smith et al [4] showed that backgating and 
light sensitivity could be eliminated by employing a buffer of GaAs grown at 200°C and 
annealed at 600°C.
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Ibbetson et al [19] have determined through their observation of RHEED oscillations 
that at low temperatures, MBE growth of GaAs involves a layer-by-layer process. In order 
to observe RHEED oscillations at these low substrate temperatures, it requires a smooth 
surface free of excess arsenic. Below 200°C, they found that the RHEED oscillations are 
found to be very sensitive to the arsenic-to-Ga-flux ratio, the largest oscillations being 
obtained under stoichiometric conditions.
Kaminska et al [20] showed that the amount of excess As that is incorporated into GaAs 
at low temperatures is in the form of As  antisites and As interstitials. Melloch et al and 
Warren et al [22, 23] showed that upon annealing the low temperature grown GaAs, the 
1  arsenic, results in the change of material properties from those due to point defects to those 
due to the formation of internal schottky barriers associated with the arsenic precipitates. 
Mahalingam et al [2 1 ] studied the arsenic precipitates in A/o.3 Gao.7 As/GaAs, grown at 
low substrate temperatures by transmission electron microscopy. They observed that for a 
AlGaAs/GaAs, annealing resulted in an accumulation of arsenic precipitates on the GaAs 
side and a depletion of arsenic clusters on the AlGaAs side. Look et al [24] obtained accurate 
Hall-effect and conductivity measurements as a function of annealing temperature. They 
found that the concentration of the dominant acceptor which is the antisite As, strongly 
decreases for temperatures between 350—400°C and then strongly increases for 400 —450°C.
2.4 Surfactant m ediated growth of GaAs
The presence of impurities on the surface is known to influence the flow of steps during the 
growth and modify the surface roughness, the composition of the epilayer and the degree of 
ordering [27, 28, 29]. Iwanari et al [25, 26] used Sn as a surfactant during the MBE of Si  on
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S i( l l l ) .  When Sn  was deposited at 500°C. a very smooth surface was obtained. For lower 
temperature growths, the surface smoothness was achieved by annealing at about 500°C. 
Rockett et al [30] presented a segregation model for the accumulation of Sn at the growing 
film surface based on the strain energy driven diffusion. Their model also accounts for the 
Sn  depletion near the film-substrate interface during the deposition of Sn-doped GaAs by 
MBE.
Petrich et al [31] have experimentally studied the effect of submonolayer concentrations 
of Sn  on the surface of GaAs and observed the occurrence of beating in the RHEED intensity 
oscillations of the specular spot. They observed that the Sn submonolayer coverage required 
for strong beating decreases with temperature. They also observed that at 600°C, the period 
of oscillation decreases with Sn  coverage. Petrich et al [32] observed that the transition 
temperature, between two-dimensional nucléation and pure step propagation decreased after 
deposition of 0.6 monolayers of Sn at 600°C, by about 100°C. This indicates that the Ga 
mobility is increased which shows that the incorporation rate at the step edges is higher 
leading to a higher growth rate.
2.5 Theoretical m odels o f MBE growth
The theoretical models employed for the study of MBE growth processes are: Molecular 
Dynamics (MD) [34, 35, 36], Monte Carlo (MC) simulations [38, 39, 40, 41], ab initio 
calculations [42], the stochastic models [9, 10, 43], and the kinetic rate equation (RE) 
models [1 2 ].
MD simulations involve solving the equation of motion of the molecules or atoms, based 
on the Newton’s 2”*^ law and experimentally fitted potential energy function for semiconduc­
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tors. The most often used potential for the simulation of crystal growth is the Lennard-Jones 
(LJ) type which has been used for MD simulations [34]. The classical dynamic equations 
of motion are used to study the surface atomic dynamics involving pico second time scales. 
The solution of the coupled equations of motion for any particle of the system in MD re­
stricts the number of particles and also the real time simulation because of limitations in 
CPU time [35]. But, it is very useful for the study of atomistic details of surface kinetic 
processes. The epitaxial growth of silicon on silicon using MD calculations was simulated 
by Schneider et al [36].
In MC simulations, the size of the growing crystal is usually taken to be n x n lattice 
sites with a height up to 10 layers. The surface kinetic events considered in this model 
are deposition of the atoms from the source on top of the substrate, migration of atoms 
on the surface, and back evaporation from the surface. The deposition process is assumed 
to be random i.e.,the z and y coordinates of initial deposition site can be random. Rates 
of surface migration and evaporation are computed using Arrhenius type rate equations 
involving frequency factors and activation energy for the process. MC simulations study 
the macroscopic kinetic processes only and do not deal with the atomistic details. The 
advantage of this model is the relative simplicity of the representation of the substrate 
and of the kinetics. The disadvantage of the MC model is the huge computational time it 
consumes to obtain results. One of the main problems in using an Arrhenius equation is 
to estimate reliable values of the binding energies of the surface atoms to each other and 
to the substrate atoms [37]. The MC simulations are widely used to study MBE growth 
kinetics of compound semiconductors [38, 39, 40, 41].
The RE model is described by a set of differenticd equations that calculate the change of
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the concentration in each layer at each interval of time. The change in concentration occurs 
due to kinetic processes occuring on the surface during the growth. The advantage with 
this model is the high speed at which the calculations can be performed. It also considers 
many different surface processes like deposition, evaporation, migration, nucléation, growth 
of islands, coalescence of islands and interlayer and intralayer migration of the atoms from 
islands. The disadvantage with this model, is that it does not provide the microscopic 
details of the atoms such as size and shape of the islands on the surface [37].
Venkatasubramanian [9] developed a stochastic model for the growth of compound semi­
conductors based on the work of Salto et al [43]. The model is based on the master equation 
approach with modified solid-on-solid condition which means that the atoms do not adsorb 
exactly on top of another atom (like in a simple cubic structure) but in a vacant site whose 
projection falls in between a pair of nearest neighbor atoms in the layer beneath. In the 
modeling, the diamond cubic structure and the two-sublattice nature of the zinc blende 
structure were taken into account. The developed model was then extended to accom­
modate the alloying of the two sublattices. Up to four elements with two elements per 
subalttice can be accommodated.
The stochastic model was used to study the MBE growth kinetics of a hypothetical 
compound semiconductor and a diamond cubic alloy in which the effect of the surface 
diffusion process on the growth kinetics was analyzed [10]. The stochastic model has also 
been successfully employed to study the surface roughening kinetics in Ge (001) [44]. One 
of the important features of the stochastic model is that it is not limited by the crystal size 
and can be employed to study the doping kinetics in the crystals. Its key limitation is that 
it does not keep track of surface atomic configuration and hence no information on the size
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and shape of the islands can be obtained.
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Chapter 3
Low temperature Growth model
for MBE GaAs
In this chapter, a model for low temperature growth of GaAs is presented along with the 
modifications made to the stochastic model. Firstly, a brief discussion of the modifications 
made to the stochastic model is presented. It is followed by the discussion of the results 
obtained with this model in comparison to the experimental work of Ref.[19].
3.1 T he Modified Stochastic M odel
The stochastic model of growth developed by Venkatasubramanian [9, 10] is based on a 
rigid lattice gas of a zincblende structure in which the atoms occupy only the lattice sites 
within their sublattice. It is suitable for growth of a quaternary semiconductor compound 
such as AiB\^xCyD\^y  where A and B  belong to the cation sublattice and C and D belong 
to the anion sublattice. It describes the time evolution of the epilayer of the growing crystal 
through a detailed description of the change of macrovariables in terms of rates of surface
13
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kinetic processes. The surface kinetic processes considered for the model are: adsorption, 
evaporation, and interlayer and intralayer surface migrations. The rate of adsorption is 
dictated by the flux rate and the availability of proper surface site with the surface covalent 
bonds satisfied. The rate of evaporation and migrations are modeled based on Arrhenius 
type rate equations with frequency factors and activation energies. The atom interactions 
are assumed pairwise and only upto second nearest neighbor interactions are considered. 
Anti-site defects are not allowed. The primary macro-variables of growth are concentration 
of adatoms in a layer n, C{n), and atom-vacancy pair concentration in layer n, Q(n), as 
given by Eqs. 8 a and 8 b of Ref.[9]. The time evolution equations are written in terms 
of the rate of individual surface processes and their quantitative influence on the macro­
variables. These equations are coupled first order nonlinear differential equations in the 
macro-variables with activation energies, frequency factors and pair interaction energies as 
model parameters. Solving these equations numerically on a computer provides one with 
the time evolution of macro-variables from which one can obtain various surface data such 
as surface roughness, surface coverage as a  function of time, growth rate etc.
The kinetic model proposed by Foxon et al [46] includes a weakly bound physisorbed 
state for As2 from which As; can either chemisorb onto the crystal surface and become 
part of it or evaporate into vacuum. Physical evidence of this layer was found by Ibbetson 
et al [19] for growths below 350°C. They observed an increase in the diffuse background 
and attributed this to the presence of an amorphous, physisorbed As layer. Preliminary 
desorption mass spectroscopy experiments are in agreement with this interpretation [47].
The kinetic processes of the physisorbed state play a critical role in the overall growth 
kinetics, especially during low temperature MBE growth of compound semiconductors. Un­
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der these conditions, thermally activated surface processes may become rate limiting and 
therefore dominate the growth of the film. In addition to their intrinsic control on the 
growth processes, the presence of surface species may influence the in situ monitoring of the 
growth rate and surface quality by RHEED. For example, in the presence of physisorbed 
As (PA), the RHEED electron beam will interact with both the crystalline surface and the 
amorphous surface species. Thus, the amplitude of RHEED oscillations (ROs) is dictated 
not only by the step density variation, but also by the physisorbed species coverage vari­
ation with time. Even if the step density is constant, a periodic variation of the surface 
coverage of physisorbed As will cause periodic variation in the crystalline surface exposed 
to the RHEED beam and may therefore result in ROs. Based on the above reasoning, the 
presence of physisorbed As was included in the stochastic model. The dynamic processes of 
chemisorption and evaporation from the physisorbed state were modeled using the following 
Arrhenius rate form:
Ti = To,i6kT (3.1)
where is the inverse of the frequency factor for the process ‘i’, EJ, is the activation energy, 
k is the Boltzmann constant and T  is the temperature in °K. Processes i = 1 ajid i = 2 
correspond to evaporation and chemisorption respectively.
The details of the stochastic model are presented in Ref.[9, 10, 44, 45]. In these works, 
the stochastic model only includes processes occuring on the crystalline surface. For the 
present study, as the growth temperature is low, the dynamics of the physisorbed As^ layer 
is important. The time evolution of the concentration of the physisorbed layer, Cphy,Asi is
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described by the following differential equation:
d ^ p h y ,A a  ,  j  < ^phy.A s ^ p h y , A s f C a  / o
~ d T  = - I T ' '  -------- 7-,—
where Jas is the molecular flux of 4 5  into the physisorbed state, and is the rate of 
incorporation of As into the epilayer with the c^a describing the total direct As incorpo­
ration into crystalline epilayer excluding the incorporation due to chemisorption from PA 
coverage. The first term represents the net flux into the physisorbed state. The second 
and third terms in Equation 3.2 represent the loss of physisorbed .4s due to evaporation 
and chemisorption respectively, with the chemisorption rate proportional to the fraction of 
available Ga sites, fca- Since there is no systematic experimental data available for the 
time constants r,, these values were obtained by fitting the simulated RHEED data to the 
experimental RHEED results of Ref.[19], as detailed in the next section.
Additionally, in contrast to the original stochastic model [9], the solid-on-solid restriction 
was relaxed. Specifically, both Ga and Asg can incorporate on the surface even when only 
one of the surface covalent bonds is satisfied.
3.2 R esults and Discussion
The coupled nonlinear first order differential equations were integrated using a fourth order 
Runge Kutta method with time steps of 10~® seconds The growth time was kept 10 seconds. 
The growths were simulated on CRAY YMF 2/216. Due to unavailability of sufficient 
systematic data on MBE growth of GaAs at low temperatures, the following approach for 
obtaining the model parameters was employed. With a judicious choice of the life times
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for evaporation and chemisorption from the physisorbed state, growths were simulated at 
flux ratios 1 : 1 to 2 : 1 (from now on, flux ratio corresponds to As : Ga) with a fixed 
temperature of 200 °C and at temperatures 200 °C to 350 “C with a fixed flux ratio of 2 : 
1.
Since Asg molecular beam is employed for this study, the flux ratios in terms of atomic 
fluxes is twice the molecular flux ratios mentioned above. The individual fluxes were chosen 
to be same as the experiments [19]. Specular beam RHEED intensity was obtained using 
kinematic theory of electron diffraction as a function of time and the relative amplitudes of 
RO’s were compared with the experimental data [19]. The model parameters which yielded 
agreement between theory and experiments to within a factor of two were accepted. Using 
these time constants and Equation 3.1, the To,i and the activation energies, Ei were obtained 
and are reported in Table I. These values for the model parameters were used for the rest 
of the simulations.
Simulations were performed for various flux ratios at 200"C. The RHEED intensity 
versus time and PA coverage versus time are shown in Figures 3.1 and 3.2, respectively, for 
200"C. The relative amplitudes of the RO’s obtained agree with the experimental results 
within a factor of two [19]. The Higher the flux ratio, the lower was the amplitude of 
RO’s with weak or no RO’s present for flux ratios greater than 2:1 which is consistent 
with the experimental observations [19]. For higher flux ratios, there is a proportionally 
higher coverage of PA as evidenced in Figure 3.2. It is noted that the physisorbed coverage 
builds up almost exponentially within the first second and reaches a steady state value. The 
steady state coverage of PA depends on the flux ratio with higher flux ratio yielding larger 
coverage. An approximate solution to Equation 3.2, assuming that the first term together
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with the last term is a constant (in reality, it can be oscillatory due to time varying direct 
chemisorption of As from the molecular beam dictated by time varying availability of surface 
Ga concentration), can be obtained as:
^ p h y , A s { i )  — J p h y , A s T \  C ^ (3.3)
where Jphy,As is the net flux entering the physisorbed state. Equation 3.3, yields that 
the steady state PA coverage is a product of the net As flux and the time constant, r^. 
Since T\ decreases with temperature as given by Equation 3.1, the steady state coverage 
will decrease with temperature. The estimated steady state coverage agrees well with the 
simulation results. An additional feature observed during the steady state period is that 
the PA coverage oscillates with time. During the growth of a Ga layer, the surface coverage 
of available Ga peaks and at the same time the chemisorption of As also peaks. Thus, the 
loss of As from the physisorbed state peaks periodically during the steady state period.
Correlating the time evolutions of the PA coverage and the RHEED intensity, it is 
observed that PA coverage inversely relates to the RHEED intensity. In other words, valleys 
and peaks in the PA coverage profiles correspond exactly to the peaks and valleys in the 
RHEED intensity. This is expected to be so, as the RHEED intensity was computed only 
from the crystalline surface not covered by the physisorbed As. Thus, the traditional 
notion that the RO’s are due to step density changes on the surface requires to be modified 
to include the influence of the presence and time evolution of the PA coverage.
Results of RHEED intensity versus time and PA coverage versus time for simulations 
with flux ratio 2 : 1 and temperatures in the range 200-350°C are shown in Figures 3.3 
and 3.4, respectively. The relative amplitudes of RO’s shown in Figure 3.3 are in excel­
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lent agreement with the experiments [19]. As the temperature increases, the amplitude of 
the RO’s increases due to increased migration rates and decreased PA coverage blocking 
the RHEED beam. At around .350°C, the steady state PA coverage decreases to 17 % 
which is consistent with the experimental observation that the RHEED streaks reappear 
around 350°C [19]. This is also consistent with the low energy electron diffraction results 
of Bachrach et al [48] in which they report a temperature of 300°C for evaporating the 
surface PA state completely. The steady state PA coverage obtained using Equation 3.3 
agrees well with the simulation results as shown in Figure 3.5 validating the approximate 
solution. It is noted that the exponential decay behavior of RHEED intensity as a function 
of time observed in actual experiment is not observed in our data. This discrepancy may 
be due to a possible difference in the starting substrate surface condition such as roughness. 
Thus, even though our model does not quantitatively match all details of the experimental 
RHEED oscillations, it does reproduce some of the broad features such as the variation of 
the amplitude with flux ratio and temperature.
The evaporation time constant, T\, is found to be in the range of 0.2 to 0.05 seconds 
and the corresponding activation energy found to be 0.24 eV. The results of activation 
energy is in good agreement with value of 0.36 eV of Foxon et al [49], whereas the absolute 
evaporation life times are at least an order of magnitude different. This discrepancy may 
be attributed to the fact that life time measured by Foxon et al [49] has a chemisorption life 
time component built into it. Noting that the chemisorption life times are at least an order 
of magnitude smaller than the evaporation life time as shown by Equation 3.1 and Table 1. 
this argument is valid. It is noted that the data of Foxon et al [49], is for the temperature 
range of 300-450 K which is slightly lower than the range of this study. The chemisorption
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activation energy of 0.39 eV is also in good agreement with the sticking coefficient versus 
temperature data of Foxon et al [49] for the temperature range of 400-900K which yields 
activation energies in the range of 0.35 to 0.9 eV for high and low fluxes of Ga. respectively. 
It is noted here that the sticking coefficient data may include evaporation component and 
therefore, comparison between theory and experiments should be made with caution. Thus, 
the results of this work are in good agreement with various independent experimental works 
validating [19, 46, 47, 48, 49] the consistency of the model.
In spite of the many strengths of the present studies in terms of agreement with var­
ious experimental works in the literature [19, 46, 47, 49, 48], there are a few limitations 
which need to be discussed. Firstly, the stochastic model does not provide and/or use 
the microstructural details of the surface atomic configurations beyond the second nearest 
neighbor which may be important for surface reconstruction which, in turn, may influence 
the surface processes such a^ adsorption, chemisorption and evaporation. Secondly, the 
presence of surface reconstructions and their dependence on temperature and flux ratio is 
completely ignored. Thirdly, the RHEED intensity calculations are based on kinematical 
theory of electron diffraction without regard to multiple reflections. The RHEED intensity 
contribution from the amorphous physisorbed layer and the crystalline layer underneath 
it are excluded eis the amorphous layer is expected to result in a diffused background as 
observed in experiments [19]. Finally, it is noted that even though, the relative RO am­
plitudes for various experimental conditions were reproduced, the theoretical RO’s are not 
identical to the experimental ones in terms of individual oscillations. In particular, the 
RO’s obtained, have broader troughs and sharper peaks unlike the experimental ones. This 
discrepancy may be due to a variety of reasons including the contribution to the RHEED
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intensity from crystalline material under the physisorbed As and neglecting of the multiple 
scattering effect in our calculations. Also, the antisite incorporation, which gives LT GaAs 
its semi-insulating property, is not accounted for. in this model.
Table I. Model parameters such as frequency factors, and activation energies for various 
surface kinetic processes, h is the Planck’s constant and ke  is the Boltzmann constant.
Parameter Symbol Value used
frequency factor for migration Rdo ^  s e c - \
in crystalline state
activation energy for migration Ed 1.0 eV
in crystalline state
prefactor lifetime for evaporation
from physisorbed state T-o.l 6 X 10““* sec.
activation energy for evaporation
from the physisorbed state 0.24 eV
prefactor lifetime for chemisorption
from physisorbed state To.2 1 X 10~® sec.
activation energy for chemisorption
from the physisorbed state E2 0.39 eV
















0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (s)
Figure 3.1: RHEED intensity versus time for various flux ratios at 200°C.
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Figure 3.2: Coverage of the physisorbed As versus time for various flux ratios at 200°C.
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Figure 3.3: RHEED Intensity versus time for various temperatures at flux ratio 2 : 1 .
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Figure 3.4: Coverage of physisorbed As versus time for various temperatures at flux ratio 
2 : 1.




























PA Coverage From Simulation
Figure 3.5: Comparison of the physisorbed As obtained from simulations and Equation 3.3 
for various temperatures at flux ratio 2 : 1 .  The diagonal line represents the case of equal 
PA coverage from the simulation and Equation 3.3.
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Chapter 4
Surfactant (Sn) mediated growth
model for MBE GaAs
In this chapter, a model for surfactant mediated growth of GaAs, with 5n as a surfactant, 
is presented. A brief description of the kinetic rate equation model is presented, followed 
by the discussion of the results obtained with the model in comparison to the experimental 
work of Ref. [31].
4.1 The Proposed M odel
4.1.1 Physics Of T he M odel
The presence of beats in the RO’s is assumed to be a result of two different intensity 
oscillations of slightly different frequencies adding up incoherently. A possible physical 
growth model which will yield two incoherent intensity oscillations of different frequencies 
is as follows: In a surfactant mediated growth, if the surfactant predominantly stays on
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the surface, then, there are two distinct surfaces, one covered with the surfactant and the 
other not covered with the surfactant. In the case of surfactants inefficiently incorporating 
in the bulk lattice, the surface concentration of the surfactant will remain the same and 
hence the area not covered by the surfactant will also stay constant. If the island size 
of the surfactant covered area is much larger than the coherence length of the incident 
electron beam of the RHEED gun, then the resultant reflected intensity will be a sum of 
three components, intensity from surface covered by surfactant, intensity from interface and 
intensity from surface not covered by the surfactant. The intensity components from the 
surface covered with surfactant and surface not covered by surfactant will be incoherent 
if the Sn  island size is larger than the coherence length of electron beam (about 100 A 
for a typical 10 keV RHEED system). Since the growth rates for the 5n-covered and 
non — 5n-covered surfaces are found to be different, each area undergoes a different cycle 
of roughening and smoothening, which in turn gives rise to different frequencies in the 
RHEED oscillations. When these intensities of different frequencies interfere incoherently, 
beats will be observed in the resultant intensity. The interfacial component of intensity will 
be the coherent component which will contribute insignificantly to the total intensity for 
large island sizes because as the size increases, the interfacial area (coherent component) to 
bulk area (incoherent component) ratio decreases with increasing island size. A schematic 
picture describing this phenomenon is shown in Figure 4.1.
4.1.2 The R a te  E quation  M odel
The elementary surface kinetic processes included in the model are: adsorption and inter­
layer migration. Since the temperature of growth investigated is low, evaporation is not 
considered. The time rates of change of concentration of Ga and As under the 5n-covered
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and non — 5n-covered surfaces can be described in terms of the rates of individual kinetic 
processes. Thus, the time rate of change of 5n-covered Ga in the layer, C ^['2n), can 
be written as:
=  5 c a J c a [C i" (2 n - l) -C ^ ; [ (2 n ) ]  (Al )
+ [Cg:(2n + 2 )-C i;(2 n  + 3)]
X | ^ A o . G a e 4 r [ c ! : ( 2 n  -  1) -  C ^ (2n)]
£ ;£ " (2 n -2 )  \
+  Ro,Gae- [Cg:(2n -  2) -  C |P(2n -  1)] j  (A2)
-  A o ,G .e -4 r [C g :(2 7 % ) -  C^?(2n +  1)] (A3)
X ([C f?(2n -  3) -  C g:(2n  -  2)] +  [Cf,{2n  +  1) -  C g:(2n +  2)]) (4.1)
Note that there are three terms, A l, A2 and A3, in Equation 1. The term A1 represents 
the adsorption of Ga atoms on the Sn  covered surface. The rate of adsorption is given 
as the product of: the available sites for Ga incorporation on the Sn  covered surface, 
[C^"(2n -  1) -  Cgg(2n)], the flux of Ga, Jca and the sticking probability, Sca, where 
C^"(2n — 1) is the concentration of As atoms in the (2n -  1)‘* layer and Cg"(2n) is the 
concentration of Ga in the 2n‘^  layer. Here, the adsorption is assumed to occur through 
direct exchange of Ga and surface Sn  atoms. The term A2 describes the rate of addition of 
Ga from adjacent Ga layers through Arrhenius type rate equation with activation energies, 
Eg" and frequency factor, Ro,Ca, fraction of available 5n-covered G a atoms in adjacent 
layers and fraction of available sites for Em-covered Ga in the 2n‘  ^ layer. The activation
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energy for migration of Ga atoms from the (2n -I- 2)'^ and (2n — 2)‘  ^ layers are given by: 
E|"(2m +  2) =  Ef^laA^n + 2) + zEg:g.Cg:(2m  +  2) (4.2)
and
Eg^(2n -  2) =  Ef^laA^rt -  2) +  zEg:g,Cg:(2m  -  2) (4.3)
respectively. In Equations 4.2 and 4.3. the Ef^Q ^  and Eg^.ca represent the activation 
energy of migration for an isolated Ga atom on the surface and interaction energy for 
second nearest neighbor Ga — Ga pairs, respectively, z is the inplane coordination number 
for the ( 100) plajie in the Ga sublattice, which is equal to four. The term A3 in the equation 
represents the rate of depletion of atoms from 2n‘* layer due to migration to adjacent layers. 
The description of the rate of this process is similar to term A2. Similar time evolution 
equations were written for As on En-covered surface and Ga and As on non — Sn  covered 
surface. In developing these equations, it should be noted that the Ga and As belong to 
even and odd layers, respectively and anti-site defects are not allowed. Additionally, the 
total concentration of Ga in the 2n'^ layer satisfies the following condition:
C^l{2n) -f Cg°"-^"(2n) < 1.0 (4.4)
where Cg°"“ '^"(2n) is the concentration of Ga in 2n‘* layer not covered by Sn.
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4.2 The M odel Param eters
The frequency factor. Ro for Ga and .4s were assumed to be 10^^/sec. Eiso for Ga and .4s 
for both the Sn covered and non — Sn  covered surfaces were assumed to be 1.3 eV. EcaGa 
is assumed to be equal to EasAs for both the Sn  covered and non — Sn  covered surfaces and 
is equal to 0.17 eV. The sticking probability Sca associated with adsorption is assumed to 
be different for Em-covered and non — Em covered surfaces which were employed as fitting 
parameters of the model and were found to be 1.0 and 0.77 respectively. The coherence 
length of the RHEED beam is calculated as 222.91 A based on an equation given by Chen 
et al [50]. The growth conditions employed for the simulations are:
•  Ga flux = 3.13 X  10^4 atoms/cm^/sec
• 4 s  flux = 6.26 X 10^5 atoms/cm^/sec
• Flux ratio = 1:20
• Temperature = 600“C
4.3 Results And D iscussion
For every layer, there are two time evolution equations similar to Equation 4.1, one each for 
Em-covered and non — Sn  covered surfaces. Thus, there are 2m coupled first order non-linear 
differential equations for 2m layers which were solved numerically on CRAY YMP-2/216 with 
time steps of 10"® seconds or less. The growth time was kept at 40 seconds. The CPU time 
for a typical growth of 10 seconds involved about 1 hour. Instantaneous RHEED intensities 
of specular spot were computed using the kinematical theory of electron diffraction. A 10 
keV electron beam at 1.5° grazing incidence was employed in the calculation. The difference
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in the atomic scattering factors of Ga, .4s and Sn  were not included in our calculations. 
The fitting parameters (sticking probability of Ga on Em-covered and non — Em-covered 
surfaces) were obtained by matching the experimental and theoretical RHEED intensity 
oscillations (RO’s). This procedure resulted in a sticking probability of 0.8 and 1.0 for Ga 
on Em-covered and mom — Em-covered surfaces, respectively. These values correspond to one 
possible solution and our investigations of the parameter space suggests that the sticking 
probability for Ga on non — Sn  covered surface can be in the range of 0.8-0.95.
Simulations were performed for various submonolayer coverages of Era for a temperature 
of 600°C at a fiux rate of 1 monolayer/sec. The RHEED intensity as a function of time 
is shown in Figure 4.2. Comparing the RO’s behavior reported in Figure 1 of Ref.[31] 
with Figure 4.2, there is qualitative agreement between the results. It is observed that 
the RO’s are dependent on the Em coverage with low and high coverages yielding typical 
RO’s and medium coverages resulting in beating behavior. In Figure 4.2, the case of Era 
coverage of 0.5 ML shows the strongest beating behavior for 600° compared to Em coverage 
of 0.4 which yielded strongest beating experimentally [31]. As discussed in section 4.1.1, 
the beating behavior is a result of RHEED intensities from the Em-covered and non — Sn 
covered surfaces adding up incoherently. For low Era coverages, the RHEED intensity in the 
specular beam contains predominantly a single frequency component from the non — Sn 
covered GaAs with both coherent and incoherent components. Since, the frequencies of 
both the coherent and incoherent components are the same, there is no beating observed. 
Similarly, for high Era coverages, the RHEED intensity predominantly contains a single 
frequency component corresponding to the growth rate of GaAs covered by Em surface and 
therefore, no beating results in the RO’s. However, for medium coverage of Em, the RHEED
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intensity contains three components: intensities from within Sn  islands and non — Sn  
covered surface and electron beam reflected from the island interface which is coherent. 
The electron beams from within the bulk of the Sn  island and the non — Sn  covered 
GaAs will not be coherent if the island sizes of Sn  are larger than the coherence length 
of the electron beam which is typically on the order of 2004 as computed from Equation 
4.5. The third coherent component arising from the interface will be insignificant for large 
island sizes as the interfacial area decreases in comparison to the bulk Sn covered or G g4s 
covered areas. Thus, for medium Sn coverages, the addition of intensities of the incoherent 
electron beams from the bulk of En islands and GaAs surfaces results. Since these two 
areas are assumed to grow at different growth rates, the frequencies of oscillation of these 
two RHEED intensity components will be slightly different, which wUl yield beating in RO 
behavior.
The assumption that the adsorption kinetics on Sn  covered and non — Sn  covered 
surfaces are different is valid since, the surface life time of Ga and 4s can be different on 
the two surfaces due to a variety of reasons: surface reconstruction, possible formation of 
surface complexes and enhanced surface migration. This is an assumption which needs to 
be investigated thoroughly through experiments.
Additionally, the amplitude of RO’s obtained with the model decreased slightly with 
increasing Sn  submonolayer coverage as shown in Figure 4.2 unlike experiments, in which 
the amplitude increased slightly. This discrepancy can result from assumptions involved in 
the RHEED computation such as kinematical theory with no multiple reflections, exclusion 
of atomic scattering factor information and effect of surface reconstruction on RHEED. The 
last of the reasons may play a vital role as the surface reconstruction of En-covered and
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non — Era-covered areas may be very different.
The time periods of the RO’s as a function of Era submonolayer coverages are plotted at 
a constant temperature of 600°C in Figure 4.3. As the Era submonolayer coverage increases, 
the period of RO’s decreases which is in excellent agreement with the experimental data of 
Ref.[31]. It should be noted that the period of RO’s corresponds to the period of roughening 
and smoothening transition, which translates to the growth of a monolayer. Therefore, the 
period of RO’s is inversely related to the growth rate. Since the Era-covered area grows at 
a faster rate compared to non — Era covered area, it is expected that for large Era coverages, 
the average growth rate will be larger and hence a smaller period of RO’s and vice versa.
It is appropriate to discuss the limitations of the present model. Firstly, the model does 
not provide the information on the surface reconstructions. Secondly, the RHEED intensity 
calculations are bzised on kinematical theory of diffraction which ignores multiple reflec­
tions. Finally, even though the RO’s for various experimental conditions produced by the 
present model matches, the submonolayer coverages for which very strong beating occured 
could not be exactly reproduced as there are a variety of conditions which are different from 
that of the experiment such as the initial surface of the substrate.




Figure 4.1: A schematic picture the physics of the model.
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Figure 4.2: RHEED intensity versus time for various submonolayer coverages of Sn at 
600°C.
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Figure 4.3: Period of RO’s for various submonolayer coverages of Sn  at 600°C.
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Chapter 5
Conclusions and Suggestions
A stochastic model of growth was developed which correctly describes the RHEED intensity 
dynamics over a wide range of growth conditions. By the inclusion of a time evolving 
physisorbed layer, with amorphous As, to the stochastic model and its surface dynamics, the 
RHEED responses for various growth conditions were matched with that of the experiments. 
The RHEED intensity versus time behavior for various growth conditions in the temperature 
range of 200 — 350°C and flux ratio range of 1 : 1 to 1 : 2 are in excellent agreement 
with the experimental results of Ibbetson et ai. [19]. The RHEED intensity oscillates 
under these conditions due to layer-by-layer growth and a periodic variation of the surface 
coverage of physisorbed As. An important factor in maintaining this growth mode is that 
arsenic can only incorporate when appropriate conflgurations of Ga atoms form on the 
surface. The temperature dependence of the evaporation and chemisorption time constants 
of physisorbed As yield activation energies of 0.24 eV and 0.39 eV, respectively, which are 
are in excellent agreement with the experimental data [46, 47, 49, 48]. Even though, the 
present model was developed and employed for the low temperature and low flux ratio 
regime, since the model is general enough, it can be adopted for high temperature and 
high flux ratio regimes and also for other compound semiconductors. .\lso. the antisite
38
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incorporation, which is vital to the semi-insulating nature of LT GoAs, needs to be taken 
into account for further studies.
A rate equation model is proposed and utilized to investigate surfactant mediated MBE 
growth of GaAs. The model reproduces semi-quantitatively most of the experimental ob­
servations of RHEED oscillations and its dependence on surface conditions such as the Sn  
coverage. The physical basis of the model is that the growth rates of GaAs on Sn  covered 
and non — Sn  covered surfaces can be different and that electron beam intensities reflected 
from these two surfaces if separated by more than the coherent length will interfere inco­
herently. It was found that the GaAs on Sn  covered surface grows at faster rate compared 
to GaAs on non — Sn  covered GaAs. This assumption of the model needs to be tested 
experimentally to validate the model. The present model can be employed to study other 
surfactant mediated MBE of different compound semiconductors other than GaAs like Te 
doped InA s/G aA s  growth [51].
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